Background: Nerve growth factor (NGF) is a neurotrophin that supports the survival and differentiation of sympathetic neurons, and its increased expression after myocardial infarct was correlated with cardiac sympathetic hyperinnervation and arrhythmias. However, it is unclear whether NGF protects the heart during infarct. In this study, we sought to address this issue in rat heart exposed to ischemia/reperfusion injury (IRI). Methods: NGF was administered intravenously (IV), 15 min before ischemia, at different concentrations in the absence or presence of inhibitors of phosphatidylinositol-3 kinase (PI 3 K) or nitric oxide synthase (NOS) in different groups of rats (n = 6) with left coronary occlusion for 30 min followed by 120-min reperfusion. The area at risk and infarct to risk ratios were determined from sections stained with 1 % 2,3,5-triphenylterazolium chloride. Results: NGF treatment at doses of 0.015 -15 μ g/kg, with an optimal dose of 0.15 μ g/kg given IV before ischemia, reduced the infarct size from about 60 % at the area of risk to about 25 % , indicating cardioprotection by about 60 % . The infarct-sparing effects of NGF were partially abolished by the inhibition of PI 3 K and NOS using wortmannin and N (G)-monomethyl-l-arginine, respectively. Conclusions: We have demonstrated for the first time that NGF attenuates myocardial infarct damage in an in vivo rat model of myocardial regional IRI. This cardioprotective effect is proposed to be related to the activities of PI 3 K and NOS. This suggests that NGF has a potential therapeutic role in the treatment of IRI.
Nerve growth factor (NGF), a member of the neurotrophin family of growth factors, plays a crucial function in the nervous system [1] and is very important in the cross talk between the nervous and cardiovascular systems [2] . Growing evidence has suggested a critical role for NGF during cardiovascular development. NGF is an essential factor in the formation of the heart and a critical regulator of vascular development. Postnatally, NGF controls the survival of blood vessel endothelial cells, vascular smooth muscle cells, and heart cardiomyocytes, and regulates angiogenesis and vasculogenesis by autocrine and paracrine mechanisms [3] . While many studies have established the role of NGF in cardiac pathophysiology [4] , the hypothesis that NGF plays an important cardioprotective role in myocardial ischemia/reperfusion injury (IRI) has not yet been explored.
To determine the effects of NGF on myocardial IRI, NGF was administered intravenously (IV) 15 min before ischemia to rats, in a series of experiments (n = 6 per group) for finding the dose-dependent effect (0.015 -15 μ g/kg) and for the assessment of the optimal dose. To determine the mechanisms involved, the rats were injected with inhibitors of phosphatidylinositol-3 kinase (PI 3 K) (wortmannin, 15 μ g/kg) or nitric oxide synthase (NOS) [ N (G)-monomethyl-l-arginine (L-NMA), 15 mg/kg] 15 min before the injection of NGF (0.15 μ g/kg) -conditions previously reported by us to inhibit these signaling pathways in this rat model [5, 6] . The principal end point was infarct size expressed either as a percentage of the area at risk (AAR) or the left ventricular area (LVA). The infarct size was 60 % ± 3 % of the AAR (Figure 1 A) and 30 % ± 2 % of the LVA ( Figure 1B) . A bell-shaped dose-response reduction in infarct size was seen with NGF treatment, 0.15 μ g/kg being the optimally effective dose. The hearts of treated rats had an infarct size of 24.9 % ± 1.8 % of the AAR and 13.8 % ± 1 % of the LVA, which are approximately 58.5 % and 54 % reduction in infarct size compared with the control, respectively ( Figure 1A,B) . Heart rate and blood pressure were monitored throughout the procedure, and there were no significant differences in basal hemodynamic parameters between groups. Mean arterial pressures decreased during ischemia and reperfusion by 35 % -45 % in all groups [7] ; however, there was no significant difference between the groups ( Figure 1C,D) . PI 3 K is an important mediator of cardioprotection [8] . To determine whether NGF-induced cardioprotection is mediated by this pathway, we injected IV, before IRI, wortmannin, a PI 3 K inhibitor, alone or in combination with NGF. Wortmannin abolished the cardioprotective effect of NGF by 50% but had no effect when given alone.
Increased NO produced by activating NOS protects the heart against IRI [9] . To determine whether NGF-induced cardioprotection is mediated by this pathway, we injected IV, before IRI, L-NMA, a general NOS inhibitor. L-NMA abolished the cardioprotective effect of NGF by 50% but had no effect when given alone.
The major finding of this study is that a single treatment with NGF before ischemia significantly reduced the heart infarct size associated with IRI. In addition, and hemodynamic values of mean arterial pressure (C) and heart rate (D) in a rat myocardial ischemia/reperfusion model. An in vivo anesthetized rat model was used for these experiments, with the general surgical protocol and determination of infarct size as described previously [7] . Briefly, thiobutabarbital sodium (inactin, 100 mg/kg, IP) was used for anesthesia, followed by a tracheotomy and artificial ventilation. Male Sprague-Dawley rats at 8 weeks of age (received humane care in compliance with the Guide for the Care and Use of Laboratory Animals; experiments were approved by the Ethical Committee of Medical College of Wisconsin) were ventilated with room air at 35 -45 breaths/min supplemented with O 2 . Arterial pH, pCO 2 , and pO 2 were monitored and maintained throughout the experiment using an ABL 80 Flex pH/Blood Gas Analyzer. Body temperature was maintained at 37 ° C using a heating pad. The left common carotid artery was cannulated for blood pressure, heart rate, and blood gas measurements. A thoracotomy was performed at the fifth intercostal space, the pericardium was excised, and a ligature was placed around the left anterior descending coronary artery. Following surgical intervention and stabilization, rats were separated into groups and subjected to 30 min of ischemia and 120 min of reperfusion. The myocardium was made ischemic by placing the two ends of the ligature around the left anterior descending coronary artery through a polypropylene tube and fixing the tube to the epicardial surface with a hemostat. Removal of the hemostat allowed for reperfusion of the AAR. After 2 h of reperfusion, the ligature was again re-occluded and 0.5 % Evans ' blue was perfused into the aortic cannula. The AAR was determined by the blue negative staining. The left ventricle was excised and cross-sectioned into four to five slices and further separated into the normal zone (LVA) and AAR. Slices were incubated in 1 % 2,3,5-triphenylterazolium chloride to determine the infarct size. The heart was incubated overnight in 10 % formaldehyde, and the infarcted tissue was dissected from the AAR and measured gravimetrically. Infarct size was expressed as a percentage of the AAR (part A) or the LVA (part B). Rats were treated IV with either saline or increasing doses of β NGF (Alomone Labs, Jerusalem, Israel) administered as an IV bolus, 15 min before 30-min ischemia followed by 120-min reperfusion. The inhibitors were injected 15 min before NGF treatment. Data are mean ± SD of infarct size, n = 6/group; *p < 0.05 vs. control; **p < 0.05 vs. 0.15 μ g/kg NGF.
we found that inhibition of the signaling molecules PI 3 K and NOS significantly abrogated the NGF-induced cardioprotective effect, proposing their involvement in the mechanism of action of NGF. It is known that heart cells secrete NGF and express its receptors p75 NTR and trkA. The activation of these receptors in cardiomyocytes triggers a prosurvival effect involving the PI 3 K/Akt pathway [10] . It is also established that NGF, by activation of its trkA receptors, activates the Ras-Erk pathway responsible for the induction of NOS in sympathetic neurons [11] involved in NGF-induced neuroprotective effects [12] . Therefore, it is reasonable to propose that the NGF-induced cardioprotective effect in the rat heart exposed to IRI is mediated by trkA activation of PI 3 K/NOS. We recognize that the contributions of these signaling pathways were primarily examined with kinase inhibitors, which is not without problems. However, by showing that the Akt phosphorylation and endothelial NOS (eNOS) regulation of cGMP production are inhibited by wortmannin and L-NMA [5, 6] , we believe that this supports the circumstantial evidence that PI 3 K/Akt and eNOS are involved in NGF cardioprotection, primarily suggesting that NGF modulates cardiomyocyte ischemic tolerance: PI 3 K and NOS are the major modulators of cardiomyocyte ischemic tolerance [13, 14] .
NGF is present in infarcted human heart, and mice with infarcted heart treated with an antibody against NGF showed cardiomyocyte apoptosis and worsened cardiac function [15] , further stressing the important cardioprotective role of NGF in the heart. Following myocardial infarction (MI), NGF levels initially increase and thereafter decline, emphasizing its cardioprotective, neurotrophic, and neurotropic sympathetic pleiotropic effects in the heart [4] . The mechanism behind the ability of NGF to upregulate the cardioprotective pathways is currently unknown. We do not know if the cardioprotective effect of NGF is a reflection of its direct prosurvival effect on heart cardiomyocytes [10] , indirectly mediated by remote IRI preconditioning [16] due to sympathetic and/or sensory nerves and/or induced by myocardium microcapillary endothelial [17] and/or smooth muscle cell activation. Future studies should address the role of endogenous NGF on ischemic tolerance and specifically its role in the different forms of preconditioning.
Whatever the mechanism, the present results are the first to demonstrate that a single treatment with NGF confers immediate protection against injury caused by ischemia/reperfusion in the heart, proposing a potential therapeutic role for NGF in MI. The potential impact of the modulation of cardiac ischemic tolerance by NGF can be manifold: increasing ischemic tolerance, and particularly tolerance to reperfusion, can serve as an important therapeutic target. Furthermore, interactions with NGF of existing drugs and endogenous agents should be studied: if exogenous drugs, such as noradrenaline infusion, reduce pericardial NGF or its effect [18] , then they may reduce ischemic tolerance, thereby increasing the risk of ischemic events, leading to occult cardiotoxicity [19] .
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